Cycling cadence alterations are known to influence oxygen uptake ( · VO 2 ), carbon dioxide production ( · VCO 2 ), respiratory exchange ratio (RER) and levels of blood lactate concentration (BLC) over a wide range of exercise intensities [1, 2, 3] . BLC differences between varying cadences increase with exercise intensity. The differences in · VO 2 and · VCO 2 converge as exercise intensity increases with small or no differences at peak power (P peak ) [3, 4] . At cycling cadences of 90 to 100 revolutions per minute (RPM) ) and RER peak (1.18 ± 0.02 vs. 1.15 ± 0.02). BLC was lower (p < 0.001; η² = 0.680) at 50 than at 100 RPM irrespective of cycling intensity. At 50 RPM, k CHO (4.2 ± 1.4 (mmol · l -1 ) 3 ) was lower (p = 0.043; η² = 0.466) than at 100 RPM (5.9 ± 1.9 (mmol · l ). This difference in k CHO reflects a reduced CHO oxidation at a given BLC at 100 than at 50 RPM. At a low exercise intensity, a higher cycling cadence can substantially reduce the reliance on CHO at a given metabolic rate and/or BLC. the BLC are independent of maturation, whilst BLC but not relCHO is higher at high intensity exercise in more mature subjects [36] .
INTRODUCTION
Cycling cadence alterations are known to influence oxygen uptake ( · VO 2 ), carbon dioxide production ( · VCO 2 ), respiratory exchange ratio (RER) and levels of blood lactate concentration (BLC) over a wide range of exercise intensities [1, 2, 3] . BLC differences between varying cadences increase with exercise intensity. The differences in · VO 2 and · VCO 2 converge as exercise intensity increases with small or no differences at peak power (P peak ) [3, 4] . At cycling cadences of 90 to 100 revolutions per minute (RPM) this resulted in lower performances at the lactate threshold defined as an identifiable nonlinear BLC-increase with increasing workload [4] , at the second lactate deflection point [5] , or at 2 and 4 mmol · l -1 [6] compared to cadences of 40 to 60 RPM. However, top class professional road cyclists prefer cadences above 90 RPM during racing, testing in the laboratory and training [7] [8] [9] and at exercise intensities above 85 % of the maximum oxygen uptake they showed lower BLC, · VO 2 and root-mean square EMG values at cadences at 100 RPM than at 60 RPM [8] . Prolonged constant load tests seem to show equivocal BLC, power output and intensity results at the transition from the heavy to the severe intensity domain as indicated by maximal lactate steady state results at different cadences [10] [11] [12] . While there is no differ- ) and RER peak (1.18 ± 0.02 vs. 1.15 ± 0.02). BLC was lower (p < 0.001; η² = 0.680) at 50 than at 100 RPM irrespective of cycling intensity. At 50 RPM, k CHO (4.2 ± 1.4 (mmol · l -1 ) 3 ) was lower (p = 0.043; η² = 0.466) than at 100 RPM (5.9 ± 1.9 (mmol · l ). This difference in k CHO reflects a reduced CHO oxidation at a given BLC at 100 than at 50 RPM. At a low exercise intensity, a higher cycling cadence can substantially reduce the reliance on CHO at a given metabolic rate and/or BLC. [30] [31] [32] [33] [34] . Compared to the concept of relating CHO-management to exercise intensity, the interpretation of relCHO as a function of the BLC and thus substrate availability is a change of paradigm. The bi-directional dynamic equilibrium bebi-directional dynamic equilibrium between pyruvate and lactate is very much on the side of lactate. Thus the BLC serves as an indicator of the substrate activation of the whole body relCHO, which functionally reflects the mix of the activation of the PDH-complex of all aerobic tissues [10, [35] [36] [37] . This approach was already used to address potential maturation-related differences in the reliance on CHO during exercise. It offered an explanation as to why under aerobic exercise conditions the reliance on CHO and the BLC are independent of maturation, whilst BLC but not relCHO is higher at high intensity exercise in more mature subjects [36] .
CITATION:
Therefore the present study investigated the within subject effect of cycling cadence on the interrelationship between relCHO and BLC.
The experiment was based firstly, on the frequently observed increase in cadence-related BLC-differences and the decreases in corresponding differences of · VO 2 and · VCO 2 at increasing exercise intensity [3, 4] ; secondly, the concept that the above observations reflect higher FTF-recruitment at higher cadences [24, 26] ; and thirdly, on data suggesting that in FTF the PDH is less sensitive to the availability of pyruvate as substrate of mitochondrial metabolism [28] . The above background led to the hypothesis that compared with lower cadences a higher cycling cadence causes a higher metabolic rate, a higher BLC and a higher relCHO at a given mechanical power but a lower relCHO at given BLC-levels.
MATERIALS AND METHODS
Subjects. Eight healthy males (Tab. 1) volunteered and gave written informed consent to participate in this study, which was approved by the university's ethics committee. All experiments were performed in accordance with the ethical standards of the Helsinki declaration.
The subjects were instructed to avoid any strenuous exercise or alcohol consumption, and consume the same diet for the 24 hours preceding a test, and to arrive in a fully hydrated state without consuming any heavy meals for at least 2 hours prior to the test. Subjects were familiarized with all testing procedures prior to the testing day.
All tests were performed at a similar time of day. Note: Peak power (P peak ), Peak power related to body mass (relP peak ), Peak oxygen uptake ( · VO 2 peak ), Peak oxygen uptake related to body mass (rel · VO 2 peak ), highest blood lactate concentration measured during the post-exercise period (BLC peak ), respiratory exchange ratio at P peak (RER peak ) 
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Data processing and statistics
Peak power (P peak ) was equivalent to the power at the final stage if a test was terminated after completion of the full stage. If the test was terminated before 2 min had been completed, P peak was calculated Descriptive results are presented as mean ± SE. Respiratory and BLC data at P peak and at all stages below P peak , and relCHO of each stage with an RER < 1.0 were tested for normal distribution using Kolmogorov-Smirnov test. Peak data of 50 RPM and 100 RPM tests were compared using paired t-test. A cadence-by-power ANOVA analysis was used to analyze all sub-peak data measured with 'cadence' as within and 'power' as between factor. Significant interactions and main effects were further analyzed using t-tests and paired samples t-tests as appropriate. Based on cadence and power effects on · VO 2 and BLC observed previously [39] , assuming normal distribution an a priori power calculation revealed the necessity of a sample size of n = 8 to achieve a power of 80 % at a significance level of p < 0.05. Effect sizes in the form of eta² (η²) were calculated.
RESULTS
P peak , peak respiratory data and BLC peak , and all corresponding data at power stages below P peak were normal distributed. P peak , · VO 2peak and RER peak were not different between cycling cadences (Tab.1).
There were main effects of cadence and power in cadences, Int P and Int VO 2 were highly correlated, however, inclination of the regression line was steeper at 50 RPM than at 100 RPM resulting in higher Int VO 2 at given Int P at 100 RPM than at 50 RPM which diminished towards P peak (Fig. 1) . Consequently, at a given sub-maximal workload · VO 2 but also · VCO 2 were lower at 50 RPM than at 100 RPM (Fig. 2) .
FIG. 1.
Exercise intensity related to · VO 2 peak (IntVO 2 ) as a function of exercise intensity related to P peak (Int P ) at 50 RPM (•) and at 100 RPM (■).
FIG. 2.
· VO 2 (black) and · VCO 2 (grey) at 50 RPM (• and ○) and at 100 RPM (■ and □); * = · VO 2 difference between 50 and 100 RPM; mean ± SE; # = · VO 2 difference between 50 and 100 RPM; all p < 0.05.
The BLC was lower (p < 0.001) at 50 RPM than at 100 RPM irrespective of workload (Fig. 3) . A corresponding effect on relCHO was seen up to a workload of 2.0 W · kg -1 (Fig. 3) , which was equivalent to BLC levels of 1. Fig. 4 ). k CHO50 and k CHO100 were independent of P peak , · VO 2peak , RER peak or BLC peak and also the difference between k CHO50 and k CHO100 was independent of P peak and · VO 2peak .
DISCUSSION
The main new finding of the present study was that at a higher cycling cadence the relCHO was reduced at given BLC-levels as indicated by a higher k CHO (Fig. 4) . This cadence-related CHO-preserving effect was apparent below approximately 50 % Int P only.
The present findings are consistent with previous observations of converge as exercise intensity increases with small or no differences at P peak [3, 4] . was approximately up to four to eight fold the resting metabolic rate at 50 RPM and five to nine fold at 100 RPM (Fig. 2) . The corresponding BLC-levels were up to approximately three and four times the resting value, respectively. Consequently, skeletal muscle can be seen as the dominant factor of the cycling-induced metabolic response seen in the present study.
The observed within subject differences in the metabolic response at given workload between cycling at 50 vs. 100 RPM below approximately 50 % Int P are indicative for increased muscle fibre activation at the higher cadence, e.g. a higher fast twitch muscle fibre (FTF) recruitment associated with higher cadences [22] [23] [24] [25] [26] . This effect should decrease, disappear or even reverse with increasing exercise intensity [26] as seen in subjects with varied athletic back- [26] as seen in subjects with varied athletic back-] as seen in subjects with varied athletic background [24, 43] and professional road cyclists [8] cycling at and above 85 % · VO 2peak . Other factors which may also affect fibre recruitment during cycling at given workload including muscle strength [44] , cycling skills [45] , saddle position [46, 47] , pedal design [48] and test duration [23] have been minimized or excluded through the within subject design and standardization in the present experiment.
FIG. 3.
Blood lactate concentration (BLC) and relative carbohydrate oxidation (relCHO) at 50 RPM (• and ○) and at 100 RPM (■ and □); mean ± SE; * = difference between 50 and 100 RPM (all p < 0.05).
FIG. 4.
Relative carbohydrate oxidation (relCHO) related to the blood lactate concentration (BLC) at 50 RPM (•) and 100 RPM (■); mean ± SE; * = difference between 50 und 100 RPM (p < 0.05).
BLC and Int VO 2 are common measures of exercise intensity of recreational and high performance training [49] . The newly described difference in the BLC-relCHO-relationship indicates, that at a given · VO 2 and/or BLC higher cadences reduce the reliance on CHO as a metabolic substrate of aerobic energy (Fig. 4) . Comparable effects on BLC and RER, and a lower use of CHO as metabolic substrate of aerobic energy at given workload have been described at incremental and constant workload exercise in glycogen depletion cycling experiments [50, 51] . Such a carbohydrate conserving effect was linked with a decreased muscular PDH-activation [16] [17] [18] [19] [20] [21] 28] . The localization of glycogen, the pattern of depletion of the muscle cell and carbohydrate availability lead to a fibre type-specific compartmentalization of glycogen metabolism [52, 53] . Also muscle fibrespecific PDH phosphatase profiles have been described [20] . The higher PDH-activity in the more aerobic muscle was related to the higher PDH-content [54] . Higher content of anaerobic glycolytic enzymes, lower aerobic mitochondrial protein content of FTF compared with STF [27, 29, 54] , and higher muscle lactate concentration combined with lower PDH-activity in FTF suggest that the PDH of FTF is less sensitive to the availability of pyruvate than STF [54] .
The higher BLC and k CHO are therefore consistent with suggestions that cycling cadence-dependent differences in cardio-respiratory and metabolic acute responses reflect higher FTF-recruitment at higher cadences [22] [23] [24] [25] [26] . Consequently, at a given metabolic rate the higher BLC, as observed at 100 RPM compared with 50 RPM, does not necessarily reflect a higher glycolytic rate but a reduced sensitivity to the availability of substrate requiring a higher equilibrium concentration of pyruvate and lactate as a substrate of the aerobic rephosphorylation of the whole body aerobic tissue with a cadence-related higher fraction of activated FTF.
Racing road cyclists prefer cadences above 90 RPM during racing, testing in the laboratory and training [7] [8] [9] . Depending on seasonal variations, top athletes competing in long distance events train 70 to 90% of their endurance training at intensities corresponding to BLCs below 2 mmol · l -1 [49, 55] . The present cadence-related CHO-preserving effect of a higher k CHO at a higher cadence is most relevant at BLC-levels up to 2.0 mmol · l -1 ( Fig. 3 and 4 BLC-values as indicated by a higher k CHO . These findings are consistent with suggestions that at such exercise intensities cycling cadencedependent differences in cardio-respiratory and metabolic acute responses reflect higher FTF recruitment at higher cadences [1] [2] [3] , and that the PDH of FTF is less sensitive to the availability of pyruvate than that of STF [54] . The present results also suggest that in spite of a higher · VO 2 , a higher BLC and a higher CHO oxidation at a given mechanical power compared to a low cycling cadence, a higher cadence can substantially reduce the reliance on CHO at a given low exercise intensity as indicated by a particular · VO 2 and/or BLC.
